Background: Nocardia sp. causes a variety of clinical presentations. The incidence of nocardiosis varies geographically according to several factors, such as the prevalence of HIV infections, transplants, neoplastic and rheumatic diseases, as well as climate, socio-economic conditions and laboratory procedures for Nocardia detection and identification. In Brazil the paucity of clinical reports of Nocardia infections suggests that this genus may be underestimated as a cause of human diseases and/or either neglected or misidentified in laboratory specimens. Accurate identification of Nocardia species has become increasingly important for clinical and epidemiological investigations. In this study, seven clinical Nocardia isolates were identified by multilocus sequence analysis (MLSA) and their antimicrobial susceptibility was also determined. Most Nocardia isolates were associated to pulmonary disease.
Introduction
Members of the Nocardia genus are ubiquitous environmental bacteria that can cause opportunistic infections in human and other animals [1] , [2] , [3] . To date, the Nocardia genus comprises more than 90 validly described species, including at least 30 species recognized as human opportunistic pathogens. New Nocardia species continue being described [2] , [4] .
Human nocardiosis is primarily recognized as an opportunistic disease that is intimately related to immune dysfunctions [5] . The incidence of nocardiosis varies geographically according to several factors, such as the prevalence of HIV infections, transplants, cancer and rheumatic diseases, as well as climate, socio-economic conditions and laboratory procedures for Nocardia detection and identification. Some reports have described an increase in the occurrence of such infections [6] , [7] , while others have shown that the number of nocardiosis cases has remained constant [8] , [9] .
Although nocardiosis typically occurs in immunosuppressed patients, infection may develop in immunocompetent patients as well. The most common clinical presentations in immunocompetent patients are superficial cutaneous disease, lymphocutaneous disease as well as mycetomas and eye infections that may occur after traumatic inoculation and are mainly described in tropical regions [6] , [2] .
Accurate identification of Nocardia species has become increasingly important for studies of antimicrobial susceptibility, clinical and epidemiological investigations. The molecular methodologies have provided a number of taxonomic changes in the Nocardia genus. Wallace and colleagues [10] reported that N. asteroides exhibited different antimicrobial susceptibility patterns. This group of bacteria known as complex N. asteroides is responsible for most Nocardia infections in humans [11] . N. asteroides complex was then separated and rearranged in different species: N. asteroides, N. abscessus, N. brevicatena paucivorans complex, N. nova complex (which includes N. nova, N. veterana, N. africana, N. kruczakiae), N. transvalensis complex, N. farcinica and N. cyriacigeorgica. The type VI drug pattern of N. asteroides, which had long been recognized as a common and significant pathogen in the United States, belonged to the N. cyriacigeorgica species [12] . Studies based on molecular methodologies have shown that N. cyriacigeorgica has been the most commonly found cause of nocardiosis in humans and animals in various parts of the world [13] , [14] , [15] , [16] , [3] . Nevertheless, other species, such as N. farcinica, N. brasiliensis, N transvalensis, N. otitidiscaviarium have also been reported frequently in nocardiosis [14] , [17] , [2] .
The paucity of clinical reports of nocardiosis in Brazil suggests that this genus may be underdiagnosed and underestimated as a cause of human infections. Such information has led us to identify Nocardia species from human infection by MLSA of 16S rRNA, gyrB (gyrase B of the b subunit of DNA topoisomerase), secA1 (subunit A of SecA preprotein translocase) and hsp65 (65-kDa heat shock protein) genes well as to characterize their phenotypic and antimicrobial susceptibility profiles. An overview of the Brazilian reports on Nocardia species related to human infections was also carried out.
Materials and Methods

Bacterial isolation, phenotypic identification and antimicrobial susceptibility assays
Suspected Nocardia isolates (n = 7) recovered from representative clinical sites with signs and symptoms of bacterial infection were sent to a Brazilian reference laboratory (LDCIC/FCM/UERJ) over a 3 years period (from December 2007 through January 2010) for laboratory testing. Stock cultures in 10% skim milk with 25% added glycerol were maintained at 270uC and recovered as required for cultivation. The BRRJ 1046, BRRJ 1047 and BRRJ 1048 isolates were recovered from three different clinical specimens (bronchoalveolar lavage fluid -BAL, nodule secretion and tracheal aspirate, respectively) from only one patient ( Table 1) . Only clinical isolates grown in any quantity from normally sterile body fluid and/or grown in pure culture or recovered predominantly from other clinical sites were included in this study.
The colonies grown on defibrinated sheep blood agar (5%) suggestive of the genus Nocardia were submitted to microscopic examination (Gram and Kinyoun acid-fast staining methods). Gram-positive branched bacilli (presenting aerial hyphae and partially acid fast bacilli) were evaluated for their ability to growth in lysozyme broth, growth at 45uC, catalase, urease and pyrolidonyl arylamidase (PYR) production, in addition to hydrolysis of casein, tyrosine, xanthine, gelatin, esculin, and hypoxanthine; acid production on glucose, adonitol, arabinose, cellobiose, dulcitol, erythritol, galactose, glycerol, inositol, lactose, maltose, mannitol, melibiose, raffinose, rhamnose, sorbitol, sucrose, trehalose, and xylose; citrate utilization and nitrate reduction [18] , [19] , [20] , [21] , [22] , [12] .
Susceptibility studies were performed by the diffusion disk method using ampicillin, gentamicin, tobramycin, amikacin, imipenem, ciprofloxacin, trimethoprim-sulphametaxazole (TMP-SMX) and erythromycin, in accordance with guidelines of the Clinical and Laboratory Standards Institute [18] , [23] .
Molecular analysis
Molecular characterization of Nocardia isolates was accomplished by sequencing of the 16S rRNA, secA1, gyrB, and hsp65 genes. DNA extraction, primer design, Nocardia gene amplification by PCR, and sequencing of amplified PCR products were performed as previously described [24] , [25] , [26] , [27] . Sequencing reactions were performed with BigDye Terminator v 3.1 cycle sequencing kit (Applied Biosystems) on an ABI-3730 Automated DNA Sequencer (Applied Biosystems) by standard protocols. The 16S rRNA gene sequences were compared to those available in the National Center for Biotechnology Information Database (http://www.ncbi.nlm. nih.gov) using the BLAST algorithm and the Ribosomal Database Project (RDP-II) (http://rdp.cme.msu.edu). The secA1, gyrB, and hsp65 gene sequences were only compared to the GenBank database.
MLSA
The 16S rRNA, gyrB, hsp65, and secA1 gene sequences were aligned by CLUSTALX [28] . The phylogenetic trees were constructed by using neighbor-joining genetic distance method using the MEGA 4.0 package with the option of complete deletion of gaps [29] . The Kimura two-parameter model was chosen for all NJ tree constructions. The reliability of each tree topology was checked by 1000 bootstrap replications.
In the BioEdit software, sequences were aligned and trimmed to define start and end positions to produce fragments of the
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following sizes: 1389 bp for 16S rRNA, 965 bp for gyrB, 401 bp for hsp65 and 431 bp for secA1. The trimmed sequences were concatenated in the order 16S-gyrB-hsp65-secA1 to generate a 3.189-bp sequence. Rooted trees obtained using individual gene sequences and concatenated sequences were generated by the neighbor-joining (NJ) algorithm with Kimura 2-parameter (K2P) correction and the maximum-parsimony (MP) algorithm in BioNumerics software. Bootstrap analysis (1000 replicates) was used to assess the robustness of the clusters.
Pulsed-field gel electrophoresis (PFGE)
For PFGE analysis, genomic DNA was prepared using methods described by Blumel and co-workers [30] with modifications. Bacterial growth from a blood agar plate was resuspended into 1.5 ml of EC buffer (6 mM Tris-HCl [pH 7.6], 0.1 M EDTA [pH 7.6], 1 M NaCl, 1% sodium lauryl sarcosine, 0.2% sodium-deoxycholate) to a density of no. 5 McFarland standard. The purified DNA was cleaved with Xba I (Invitrogen) according to the manufacturer's instructions. PFGE was carried out in 0.5X TRIS-borate-EDTA-1.1% agarose gels at 13uC by a CHEF DRII system (Bio-Rad). The pulse times were 1 s to 30 s over 20 h. A lambda DNA concatemers (New England BioLabs) was used as a molecular size marker. Similarities among macrorestriction patterns were identified according to established criteria by Tenover and coworkers [31] , PFGE profiles were defined as those isolates with patterns differing by more than 3 fragments. The BioNumerics Fingerprinting software (Version 4.0, Applied Math, Austin, TX) was used to confirm the findings provided by visual observation. The similarity index of the strains was calculated using the Dice correlation coefficient option of the software with a position tolerance of 1%. The unweighted-pair group method using average linkages (UPGMA) was used to construct a dendrogram.
Nucleotide sequence accession numbers
Nocardia nucleotide sequences determined in this study are available under EMBL/GenBank accession numbers JQ638645 to JQ638651 for 16S rRNA gene, JQ773449 to JQ773455 for secA1 gene, JQ765847 to JQ765853 for gyrB gene and JQ782420 to JQ782426 for hsp65 gene.
Results
Phenotypic profiles
Preliminary analysis showed that microorganisms were aerobic, Gram-positive branched and filamentous bacilli and weakly acid fast by modified Kinyoun. All clinical Nocardia isolates were positive for growth in lysozyme broth catalase production and hydrolysis of esculin. The fermentation of adonitol, arabinose, cellobiose, dulcitol, erythritol, galactose, glycerol, inositol, lactose, maltose, mannitol, melibiose, raffinose, sucrose, trehalose, and xylose as well as citrate reduction, and hydrolysis of tyrosine, xanthine and hypoxanthine were negative for all clinical isolates. Table 1 provided further biochemical results presented by the seven suspected Nocardia isolates recovered from representative clinical sites of patients with signs and symptoms of nocardiosis. For phenotypic identification purpose several schemes were analyzed [18] , [19] , [20] , [21] , [22] , [12] . Nocardia species were indicated when there was an agreement among the majority of identification systems (Table 1) . When not found a common outcome using different identification schemes the isolate was identified as Nocardia sp.
Antimicrobial susceptibility profiles
Nocardia isolates showed susceptibility to amikacin, gentamicin, trimethoprim-sulphametaxazole (TMP-SMX) and imipenem; variable results were demonstrated for other antimicrobial agents tested ( Table 1 ). Resistance to tobramycin was only observed for the clinical isolates identified as N. nova (BRRJ 1046, BRRJ 1047, BRRJ 1048) while susceptibility to erythromycin was observed for the N. exalbida/gamkensis BRRJ 2042 isolate. Table 2 shows the high similarity values found for the gyrB, 16S rRNA, secA1 and hsp65 gene sequences of all isolates analyzed with type strains sequences. Molecular characterization by four loci (gyrB-16S-secA1-hsp65) provided species identification of N. nova (BRRJ 1046, BRRJ 1047, BRRJ 1048 isolates), N. cyriacigeorgica (BRRJ 1261 and BRRJ 78408), N. asiatica (BRRJ 1694) and N. exalbida/gamkensis (BRRJ 2042). Nearly all branches of the NJ tree based on the concatenated gyrB-16S-secA1-hsp65 nucleotide sequences were supported by a bootstrap value of 100% confirming the identification of analyzed isolates (Figure 1) . The BRRJ 2042 strain presented higher 16S rRNA sequence similarity with four Nocardia species: N. exalbida, N. gamkensis, N. arthritidis with values ranging from 99.00 to 99.51% ( Table 2 ). In the phylogenetic analysis based on the concatenated sequences, the BRRJ 2042 isolate, N. exalbida, N. gankensis and N. arthritidis type strains appear on a branch with a high bootstrap value (100%). Even though the identification of the BRRJ 2042 isolate has not been concluded, it seems more related to N. exalbida and N. gankensis, as shown in Figure 1 .
MLSA
PFGE profiles
The PFGE analysis was performed to determine the genetic relatedness of N. nova isolates. The restriction endonuclease XbaI revealed two distinct PFGE profiles among the N. nova isolates, which were designated A (BRRJ 1046/BAL isolate) and B (BRRJ 1047 and BRRJ 1048/nodule secretion and tracheal aspirate isolates, respectively) ( Figure 2) .
Review of the Brazilian literature
In the present study, a literature search was performed in PubMed and SciElo Brasil databases using the key words 'Nocardia' or 'Nocardiosis' and 'Brazil' and encompassing articles published from 1970 to March 1, 2013. The review of the literature in both English and Portuguese yielded a summary of some microbiological and clinical aspects of clinical cases of Nocardia, excluding mycetomas cases as presented in Table 3 . A total of 27 studies concerning 58 cases of Nocardia infection were found available in the literature during the 43 years period.
Discussion
Definitive bacteriological diagnosis of nocardiosis depends upon the isolation and identification of the causal agent from clinical material as well as the laboratory in which the specimens are analyzed. Growth of Nocardia species in culture media is slow and incubation should be carried out for at least two weeks [5] , [2] . Premature discontinuation of the culture will decrease the sensitivity of recovery and may contribute to underestimation of the true incidence of nocardiosis. Most of the laboratories discard bacterial cultures which are negative after 48 h and Mycobacterium tuberculosis (TB) laboratories do not process sputum specimens without decontaminating non-mycobacterial pulmonary pathogens [32] , [33] . Furthermore, modified acid-fast (Kinyoun) and Gram staining of specimens are particularly important to provide a rapid, economical and presumptive diagnosis while awaiting the results of the culture [34] , [5] . As opposed to mycobacteria, Actinomyces can be more easily differentiated from Nocardia as they are not stained by modified acid-fast stain [22] , [6] , [35] , [36] .
In accordance to Kiska and co-workers [18] no single method could accurately identify all Nocardia species associated with human and animal infections. In that opportunity, a combination of the antimicrobial susceptibility pattern, colony pigment and a group of biochemical tests was suggested to identify all isolates at the species level.
However, most recent studies revealed that Nocardia speciation might require confirmation by molecular techniques, which may change the initial biochemical identification [22] , [6] , [37] . Thus, various molecular methods have been proposed to provide accurate Nocardia species identification [17] , [14] , [25] . Sequence analysis of 16S rRNA performed by Liu and co-workers [37] showed that phenotypic identification assays produced 37% misidentifications of Nocardia species. Although the 16S rRNA gene sequence has been broadly used to discriminate Nocardia species, misidentification of microorganisms may occur due to high sequence similarity and multiple although different copies of this gene [2] , [38] . In attempt to improve the identification of the increasing number of species within Nocardia genus, the analysis of other housekeeping genes such as the 65-kDa heat shock protein gene (hsp65), essential secretory protein A (secA1), gyrase B (gyrB) has also been performed [14] , [25] , [26] , [27] . Sequence analysis of multiple housekeeping genes provided more informative nucleotide sites and buffers against the distorting effects of homologous recombination and horizontal gene transfer of a single gene [38] , [39] . In this context, MLSA has been regarded as an alternative technique for the identification and classification of a diverse group of bacteria, including the Nocardia genus [14] , [40] .
As in many other developing countries, nocardiosis prevalence is still unknown in Brazil. To our knowledge, this is the first report of the identification of nocardia species by MLSA in our country. In order to collect information on this Public Health issue, a complete overview of Brazilian published case reports of nocardiosis, excluding mycetomas is presented herein ( Table 3) . The only large series of nocardial infections occurred from 1978 to 1998 and was reported by Chedid and co-workers [41] . Solid organ transplantation was the most common underlying condition before the advent of effective medical therapy, which included the introduction of cyclosporine and prophylaxis with TMP-SMZ [5] , [42] , [43] , [44] . Batista and co-workers [45] found only one case of nocardiosis among 1046 kidney and 708 liver transplants patients registered in four Brazilian centers in different geographical areas from 2001 to 2006. In those institutions, cotrimozaxole prophylaxis was routinely used for 6 months following transplantation and in situations where there was an increase in immunosuppressive therapy for rejection.
Most of the Brazilian studies (39 cases, 67.24%) indicated pulmonary disease as the major clinical presentation of nocardiosis in our country ( Table 3) . In some developing countries, where other chronic lung diseases, particularly TB are prevalent, pulmonary nocardiosis may be more common than is currently recognized, especially in areas with HIV-associated tuberculosis. One of the reasons for this occurrence is that the pulmonary manifestation of nocardiosis is often confused with TB [33] , [35] . Clinical, radiological and histopathological findings are not sufficient for the recognition of pulmonary nocardiosis, suggesting that a considerable percentage of patients presenting symptoms of chronic lung disease could be suffering from pulmonary nocardiosis [5] , [46] . In some African countries, where HIV-related tuberculosis occurs frequently, there are reports of a high prevalence of nocardiosis [33] , [47] , [48] . Another issue for the recognition of pulmonary nocardiosis refers to the difficulty of diagnosing in the laboratory. Some authors have emphasized that in regions where HIV-related tuberculosis occurs, Nocardia strains are missed or misidentified in clinical specimens and it is possible that some patients diagnosed as smear-negative pulmonary TB actually have nocardiosis [33] , [47] , [48] , [49] , [50] , [51] .
In Brazil, Jacomelli and co-workers [52] investigated 286 patients with clinical or radiological suspicion of TB who were unable to produce sputum or had a negative smear. They found that 7% of infections were caused by Pneumocystis, fungi and Nocardia. In 2011, the incidence of tuberculosis in Brazil was 37.2/ 100,000 inhabitants, however, there were Brazilian cities where the incidence of tuberculosis was much higher that registered in the city of São Paulo city (39.3/100,000) including Rio de Janeiro (70.7/100,000 inhabitants), Porto Alegre (109.2/100,000), Recife (93.2/100,000) among others [53] , [54] . Unfortunately, there are no other studies on microbiological aspects of the infections diagnosed as smear-negative pulmonary TB, which should be evaluated in different states of Brazil.
Brazil's AIDS treatment program has been cited widely as the developing world's largest and most successful AIDS treatment program. The program guarantees free access to highly active antiretroviral therapy (HAART) for all people living with HIV/ AIDS in need of treatment [55] , [56] . This may reflect in low number of reports of cases of nocardiosis in patients with HIV in Brazil.
Pulmonary and disseminated nocardiosis have also been recently reported in immunocompetent patients in different countries [33] , [57] , [58] , [59] . Although frequent in India, cases of keratitis are relatively rare in another countries [60] , [61] . In Brazil, only four cases of eye infection due to Nocardia have been reported [62] , [63] , [64] , [65] . Mycetomas cases caused by Nocardia sp. have been described in São Paulo and other cities [41] , [66] , [67] , [68] , [69] , [70] , [71] , [72] , [73] , [74] , [75] .
Nocardia species differ in their responses to antimicrobials and susceptibility tests for all clinically significant Nocardia isolates are recommended. However, due to the slow growth of these bacteria, clinicians usually begin treatment empirically before these results are made available [13] . Nocardiosis treatment is usually prolonged and TMP-SMX is the most widely prescribed for therapy of nocardiosis [13] , [22] , [76] . For patients with serious diseases clinicians recommend a three-drug regimen consisting of TMP-SMX, amikacin, and either ceftriaxone or imipenem. There has not been any report of resistance to this combination as of yet [2] , [8] . In our study, 92% of isolates were sensitive to imipenem [83] Pulmonary ( 
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Santa Maria/RS (1993) [86] Peritonitis (1) Systemic lupus erythematous and failure renal, ambulatory peritoneal dialysis N. asteroids CET/TMP+SMX Cure São Paulo/SP (1995) [87] Cerebelar abscessus and pulmonary (1) HIV infection N. asteroides CTR Death
São Paulo/SP (1995) [62] Keratitis (1) Myopic keratomileusis N. asteroides -Visual debilitating sequelae
São Paulo/SP (1997) [88] Disseminated (1) Bone marrow transplant Nocardia sp. TMP+SMX Cure
São Paulo/SP (1997) [89] Pulmonary (1 [90] Brain abscessus and disseminated (1) Autoimmune haemolytic anaemia and thrombocytopenic purpura (Evans Syndrome), corticotherapy [81] Disseminated and thyroid abscessus (1) Corticotherapy N. farcinica TMP+SMX Death
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Niteró i/RJ (2007) [65] Scleritis (1) Keratoplasty and intraocular lens implantation
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Porto Alegre/RS (2007) [41] Pulmonary (14) COPD ( 
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Nocardia sp. AMK, IMP,CIL/TMP+SMX Cure and 100% were sensitive to amikacin and TMP-SMX. Some reports have described high levels of sulfonamide resistance among numerous Nocardia species [77] , [78] . Nevertheless, these values have been contested by Brown-Elliott and co-workers [76] that suggested that these findings may be associated with difficulty in the laboratory interpretation of in vitro MICs for TMP-SMX and sulfamethoxazole. Nowadays, TMP-SMX remains the drugs of choice for nocardiosis treatment and prophylaxis against Nocardia infection in immunocompromised patients [44] , [76] , [79] . The reported Brazilian cases displayed in Table 3 showed that the majority (55.56%) of the isolates were identified as Nocardia sp. In the present investigation, the use of varied conventional biochemical algorithms described by different authors [18] , [19] , [20] , [21] , [22] led to the misidentification of five out of seven of the Brazilian isolates tested.
In Brazil, molecular analysis for identification of Nocardia species was carried out on only a few occasions [3] , [80] , [81] . In the present study, the identification system based on MLSA methodology was capable of differentiating currently recognized Nocardia species. Data indicated that all Nocardia isolates were identified by phylogenetic analysis based on the concatenated gyrB-16S-secA1 hsp65 gene sequences as recommended by Mc Taggart and co-workers [14] . MLSA has provided the identification of the following species: N. nova, N. cyriacigeorgica, N. asiatica and N. exalbida/gamkensis. Most of the species were related with pulmonary disease, except for N. asiatica which was isolated from a patient with a brain abscess. To our knowledge, this is the first Brazilian report of human isolates of N. cyriacigeorgica. Two isolates were identified by MLSA as N. cyriacigeorgica, including one isolated from a patient with pulmonary disease. In Brazil, N. cyriacigeorgica had previously only been isolated from bovine bulk tank milk [3] .
Similar to observations performed by Mc Taggart and coworkers [14] , MLSA did not distinguish the N. arthritidis, N. gamkensis, and N. exalbida type strains. Although the BRRJ 2042 strain seemed more related to N. exalbida and N. gamkensis species, they formed a cluster together with N. arthritidis supported by a bootstrap of 100%. While sequence analysis of additional genes may demarcate these type strains, failure to do so would prompt an extensive evaluation of the legitimacy of their species status. Mc Taggart and colleagues [14] demonstrated that the MLSA scheme revealed two sets of type strains that failed to form distinct clusters. One of these sets was comprised by N. arthritidis DSM 44731T, N. gamkensis DSM 44956T, N. exalbida DSM 44883T and 7 clinical isolates formed a cluster with 98% bootstrap support.
This study also made the analysis of the genetic relationship of N. nova isolates recovered from three different clinical specimens of a from the same patient by the PFGE method. Surprisingly, we observed that the patient presented pulmonary coinfection by two N. nova clones, one of which (PFGE profile B) was disseminated and also detected in the nodular discharge.
Interestingly, the overview of literature, nocardiosis was only reported cases in 6 of the 26 Brazilian states. During the last decade, only 14 cases were reported in the states of Pernambuco, Goiás, São Paulo, Rio de Janeiro and Rio Grande do Sul. Data highlight the fact that nocardiosis remains underdiagnosed in most of our country presents continental dimensions and large socioeconomic differences.
Therefore, knowledge of the clinical impact of nocardiosis remains scarce and fragmentary mainly due to the difficulties in clinical and laboratorial diagnosis. Reports have suggested that there is usually a delay in the diagnosis of nocardiosis which is attributed to difficulties to clinical, radiological and microbiological diagnose. The usual reason for requesting culture studies for the detection of Nocardia spp. is that a patient has not responded to the usual anti-bacterial or anti-TB treatment [13] , [82] . In conformity with Wilson [11] , the isolation of Nocardia from the respiratory tract or other body source, independent of the immunologic status of the patients, should not be discarded as a contaminant or commensal organism. In case of difficulties in the identification of Nocardia, the suspected isolates should be conducted to a Clinical Reference Laboratory. Optimal therapeutic strategies depend on rapid and accurate identification of Nocardia species. In this context, molecular methods for identification, such as MLSA analysis offers a timesaving alternative to conventional methods for identifying the Nocardia genus at the species level, both in Brazil and abroad. [96] Pulmonary (1) Not identified Nocardia brasiliensis.
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